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論文内容要旨
1. General Introduction 
In order to rea1ized the sustainable society, it is 
necessaηthat the growing availability of various 
environment-仕iendly devices. In particular, high 
temperature electrochemical devices have potential 
due to those high efficiencies. To ensure the 
re1iability and durability, the evaluation techniques 
of those performance and 1ife time is necessary. In 
this thesis, the author emphasizes a focus on solid 
oxide fuel cells (SOFCs), which are expected as 
novel energy conversion systems with high 
efficiency compared to the cu汀ent system, and solid 
oxide electrolyzer cells (SOECs), which are 
expected as novel clean production systems of 
hydrogen. Even so we do not obtain only the 
optimal design but also optimum structure of those 
components. In addition to, al devices have to 
contend with those degradation and breakdown. 
propose the impedance modeling of porous 
electrode for high temperature electrochemical 
devices to evaluate the elec仕ochemical
performance and the degree of the degradation 仕om
conventional technique. 
2. Determ i nat i on of E 1 ectrochem i ca 1y 
Act i ve Th i ckness of a Porous M i xed lon i c and 
Electronic Conducting Electrode 
The electrochemically active thickness (EAT) has 
been determined by simple equivalent circuit fitting 
on impedance spec仕a of mixed ionic and electronic 
conducting (MIEC) e1ectrode. The EAT is the 
thickness where electrochemical reaction takes 
place. The impedance spectra of a porous 
LaO.6Sr0.4CoO.2F eO.803・ð (LSCF6428) electrode were 
measured in 0.1, 1 and 10 kPa02 at 873 K. The 
oxygen ionic diffusion in the bulk and the oxygen 
reduction reaction at the surface are co-dominate 
The most important aim of this thesis is to for the electrochemical reaction. The 
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electrochemically active thickness is determined by 
the resistance ratio between the oxygen diffusion 
and the oxygen reduction reaction. To determine the 
EAT, the Faradaic cuπent distribution in porous 
electrode has been estimated by a transmission line 
model focusing on the chemical capacitance of a 
MIEC electrode. Since the simple R-C parallel 
circuit was applied as the equivalent circuit 
focusing on the chemical capacitance to determine 
the EAT. Simple R-C parallel circuit fiting using 
the chemical capacitance can be determined the 
EAT with the same precision as a transmission line 
model. The EAT of the porous 
LaO.6Sr0.4CoO.2Feo.803-J (LSCF6428) electrode as a 
function of oxygen partial pressure at 873 K has 
been studied using this analytical model. 
3. Electrochemical Iy Active Thickness in a 
Porous LaO.6SrO.4Co03-? Cathode for SOFC by 
Impedance analysis 
The electrochemically active thickness (EAT) of 
a porous LaO.6Sr0.4C003-J cathode was estimated 
仕om the Faradaic current distribution and simple 
R・C parallel circuit ratio of chemical capacitances 
of the R-C parallel circuit and the whole electrode 
in 0.1 , 1 and 10 kPa02 at 873 K. The Faradaic 
cu町ent distribution was calculated 企om a 
transmission line model, and the chemical 
capacitance was calculated 企om the oxygen 
nonstoichiometry as a function of oxygen partial 
pressure. It was found that the EAT expanded with 
decreasing oxygen partial pressure. In addition, it 
was indicated that the EAT expands to several 
microns 企om elec仕ode/electrolyteboundary. 
4. Eva I uat i on of Degr adat i on Modes of N i -GDC 
Cermet Anode for SOFC 
AC impedance measurements were carried out 
with Ni・GDC cermet anode in various partial 
pressures of hydrogen at temperatures 合om 873 to 
1273 K, the data was analyzed by simple R-C 
parallel circuit focusing on the chemical 
capacitance. It was proposed that the 
electrochemically active thickness (EAT) of the 
cermet anode could be estimated by comparing the 
obtained capacitance 仕om impedance spectra and 
the chemical capacitance expected for the whole 
electrode. In addition to degradation modes of the 
Ni-GDC cermet anode was discussed based on the 
observed change in the capacitance and resistances 
for the electrode reaction. It was suggested the 
agglomeration of Ni particles in the direction of the 
electrode surface might be the main factor for the 
degradation during the aging tests and load tests, 
and the agglomeration of Ni particles in the 
direction of the electrode thickness might be the 
main factor for the degradation during 
electrochemical re-oxidation test. 
5. General Conclusions 
High tempera旬re electrochemical devices have 
the potential to decrease the consumption of fossil 
fuel due to the conversion 企om chemical energy to 
electric energy with high efficient. In addition to the 
components of those devices made 丘om ceramics 
and metals to achieve the high performance for the 
electrochemical reaction and mass transport in the 
component such as electrolyte and the porous 
electrode at high temperature. F orthe practical use 
of those devices, several issues should be solved for 
mechanical, chemical stabilities and the initial and 
running cost. To ensure the mechanical and 
chemical stabilities, the 白ndamental data of each 
material are necessary. Those data can propose the 
design concept and the nature of performance 
degradation. The mechanical stress and the 
electrochemical degradation are induced by the 
oxygen potential distribution in the components of 
the devices. The thickness of electrochemically 
active zone (EAZ) is equivalent to the oxygen 
potential distribution in the electrode. Therefore, the 
EAZ thickness can give the information to be 
considered zone for the electrochemical degradation 
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and fundamental data of the devices. In this thesis, 
the electrochemically active thickness in porous 
electrodes was discussed with simple impedance 
analysis (R・C parallel circuit) as an a1temative for 
advanced analytical techniques. This can propose 
the considerable zone to optimize the design at the 
point of view of electrochemistry and permit the 
diagnosis the electrochemical performance under 
operating condition of the devices. 
In chapter 1, the social background and brief 
overview of the high temperature electrochemical 
devices were presented. The part of impedance 
spectroscopy for the mixed ionic and electronic 
conducting material was introduced to analyze the 
electrochemical performance of the porous 
electrode. Finally, the importance of the EAZ 
evaluation of porous electrodes was mentioned. 
In chapter 2, Faradaic cu町ent distribution of 
porous mixed ionic and electronic electrodes was 
demonstrated by using a transmission line model 
(TLM). Under semi-infinite diffusion process, the 
electrochemically active thickness could be 
determined by the Faradaic cuπent distribution 
focusing on chemical capacitance as the fixed 
parameter of impedance analysis. Since the R-C 
parallel circuit model was applied to impedance 
analysis with reference to chemical capacitance of 
MIEC electrode. The electrochemically active 
thickness was determined by the ratio between the 
chemical capacitance associated with oxygen 
reduction reaction and the chemical capacitance in 
the whole electrode. It was found that the 
electrochemically active thickness can be 
determined by the simple R-C parallel circuit fitting 
by using the chemical capacitance. 
This analytical method could determine the 
electrochemically active thickness of practical 
porous electrode such as Lao.6Sr0.4CoO.2Feo.803ふ
In chapter 3, EAT of a porous LaO.6Sr0.4C003・8
electrode was evaluated by means of the impedance 
modeling techniques in 0.1 , 1 and 10 kPa02 at 873 
K. The faradaic cu町ent distribution analysis based 
on a transmission line model (TLM) and the R-C 
parallel circuit focused on the chemical capacitance 
was demonstrated. As the resu1ts, EAZ of R-C 
parallel circuit approximation was smaller than 
EAZ of TLM. By comparing the resu1ts of both 
analyses, it was found that the electrochemically 
active zone expanded with decreasing oxygen 
partial pressure. Additionally, it was indicated that 
the EAZ expand to several microns 企omelectrode / 
electrolyte interface. This result was supported 仕om
other work by x-ray absorption spectroscopy in our 
group. 
In chapter 4, It was demonstrated in this study 
that the electrochemically reaction thickness (EAT) 
of a Ni-GDC cermet anode could be estimated 企om
care白1 analysis of the impedance response. It was 
also shown the EAT gave information on 
degradation modes of the Ni-cermet anode. 
During initial aging test, the electrochemically 
active thickness, LEAZ decreased due to separation 
of electronic paths in the direction of electrode 
surface, and it was accelerated by polarization 
without the re-oxidation ofNi particles, whereas the 
LEAZ extended due to separation of electronic 
paths in the direction of electrode thickness. From 
those degradation tests, it was indicated that there 
are two different type of degradation by focusing on 
variation of LEAZ ・
The results of this thesis were summarized in 
chapter 5. Based on research achievements, it is 
suggested that the EAT in MIEC electrodes can be 
evaluated by using simple R・C parallel circuit. The 
EAT can be obtained 合om the nonstoichiometry 
data of materials, and the volume and the porosity 
of the porous electrode, respectively. In the cases of 
the porous LaO.6Sr0.4C003-o and 
LaO.6Sr0.4CoO.2F eO.803・o electrodes, the EAT 
expanded within several microns at 873 K. In the 
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case of the Ni-GDC cermet electrode, the 
microstructural change by polarization affected the 
agglomeration of Ni particles toward the in-plane 
direction. On the other hand, the electrochemical 
re-oxidation induced the agglomeration of Ni 
particles toward thickness direction. The 
polarization had a significant impact on the degree 
of shrinkage of EAT. By contrast, electrochemical 
re-oxidation of Ni particles was expanded the EAT 
by half. Therefore, the enough thickness of the 
porous Ni-GDC cermet electrode is required when 
there is possibility that the operating condition 
become the oxidized atmosphere below redox 
potential of NilNiO. The mentions can provide the 
information toward the request for the desired 
electrode thickness, and for the diagnosis of 
elec佐ochemicaldegradation of the high temperature 
electrochemical devices in the 白旬re.
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論文審査結果の要旨
将来の持続可能社会の構築に向けて，再生可能エネルギーを基盤とするエネルギーシステムへの移行が望まれてし、
る。しかし，太陽光や風力などの自然エネルギーを大量に導入するためには，その不安定性を補償するために電気
エネルギーの高容量貯蔵技術が必要で、あり，より現知切こは，天然ガス，シエールガ、ス，石炭などの化石エネルギ
ーの高効率利用を含むエネルギーのベストミックスを進めて行くことが重要であると考えられている。化学エネル
ギーと電気エネルギーとを齢、効率で変換する固体酸化物形燃料電池や高剛丈蒸気輸相，このような新しいスマ
ートエネルギー利用システム構築のための重要な要素技術で、あり，より高性能で信頼性の齢、栃"1の確立が急務で
ある。これらの高温電気化学デバイスにおいては，その性能・耐久性の向上の鍵となるのが多孔質ガス電極の設計
である。しかるに多孔質電極では，物質輸送と表面閃忘とが複雑な餅蕎造を持つ周芯場で進行するため，これらを
適切か0JBjまに言判面することは容易ではなく，イオンビームを備えた電子顕微鏡による微細構造の 3次元手許蕎築な
どの複雑な作業が必要であるとされてきた。材命文は，多孔質電極の電気化学インピーダンス糊?におし、て観測さ
れる「化学容量」に着目し，これを指標として多孔質電極をモデ、ルイ七することで，その反応場の状況をより簡便に
矧面する手法を提案し，これを電極の耐久性剤面に用いることを目指したものであり，針肩5章からなる。
第 1 章は緒論であり，本研究の背景と目的を述べている。
第2章は，本論文で行う開庁の原理にっし、て述べているD まず，多孔質電極での物質輸送と反応とを 1 次元の伝
送線モデ、ルで表し，電極反応場が電解質との界面を起点にして電極内部に広がっていること，その広がりの程度が
酸素輸送，電子輸送，電気化学関芯のそれぞれの抵抗成分によって変化することを示した上で，この広がりを特徴
づける長さl&zをインピーダンス鰯庁から矧面する手法を提案してし、る。ここでは，電樹オ仲コ酸素空孔生成に伴
う化学容量に着目し，これをGerischer 型インピーダンスのパラメータと比較することで，電極働争防毒造の詳細な
情報がなくともl&zを評価することが可能であることを理論的に導出している。さらに，より簡単な抵抗-容量の
並列回路を用いる解析で、も同程度の精度で、l&zの言判面が可能で、あることを示し，混合導電性酸化物電極で得られた
インピーダンスを実例として解析している。これらの成果は，比較的簡単な装置のみで複雑な多孔質電極の設計情
報が得られることを実証したもので、あり，固体酸化物形燃料電池や水蒸気電解セルの開発の現場で、用し、ることので
きる有用な手法を提供するものである。
第3章では，第 2章で提案した手法を，固体酸化物形燃料電池の高性能な空気極材料として知られる包a，Sr)Co03
に適用し，有効回芯場の広がりを矧面してしも。ここでは，電極のフ。ロセシングによって鱗麟造が最適化されて
いない場合に，酸素イオン輪差経路が有効に利用できなし制を示しており，電極作製法に対する指針を与える重要
な成果である。
第4章では，同様の手法を，より構造の複雑なニッケルサーメット燃料極に対して適用している。定量的な解析
を行うために，一時効句な固体酸化物形燃料電池で用し、られる Ni と YSZ (イットリア安定化ジルコニア)の混合物
ではなく， Ni と GDC (ガドリニア添却セリア)の混合物を用いているが，提案した軒去の適用によって， Ni の凝
集にともなって生じる複数種類の電極の劣化モードを分離評価することが可能であることを示している。これは，
ニッケルサーメット電極の耐久性の活塞矧面法を提倹する重要な成果である。
第5章は結論であり，本論文を総括している。
以上要するに，本論文は，固体酸化物形燃ヰ電池や高j跡蒸気電解などの実用化に不可欠な電植樹料の簡便な評
価手法を提案し，これを禁正したものであり，エネルギーのベストミックスを可能にする要素技術の確立に貢献し，
環境科学の発展に寄与するところが少なくなし L
よって，材命文同専士債務室科学)の学儲命文として合格と認める。
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